We present the results of the measurements of the detection efficiency for a 4. 
I. INTRODUCTION
In a recent paper by this collaboration we reported on the results of the theoretical and experimental studies of a novel design for the parallel cathode planes of a Multiwire Proportional Counter (MWPC) [1] . The proposed design consisted of a 3D regular pattern in the form of millimeter-deep grooves with an opening angle of α=45
• , upon which a thin film of 10 B 4 C is deposited. Filled with a commercial counting gas, the MWPC with Boroncoated cathodes becomes sensitive to thermal and slow neutrons. The groove structure helps increasing the detection efficiency over that of a layer deposited on a flat substrate with the same active area, because the Boron converter deposited on the sidewalls of the grooves has a higher probability not only to capture and convert the incoming neutron, but also release the reaction products [2] . In Ref. [1] we employed the GEANT4 package [3] to study the dependence of the detection efficiency with the size of the groove. The model predictions for the optimal height of the groove were tested in measurements with monoenergetic neutron beam provided by the FRM-II research reactor in Munich [4] .
Because the thin Boron film was applied on a corrugated surface, the conformality of the coating was also carefully studied in our previous work [1] . The experimental efficiency values and absorption of the neutron beam in the Boron layer, obtained by scanning the surface of the grooves with a collimated neutron beam, were compared to the results of the GEANT4 simulations in which two different coating scenarios were assumed. In the first scenario, the coating was modeled uniformly distributed onto the surface of the groove. In that case, the effective neutron absorption film thickness is the same anywhere on the surface of the coated macrostructured plate. In the second scenario, the coating was assumed to be preferentially distributed on the upper sides of the groove, with the thickness of the coating decreasing with decreasing the distance from the bottom of the groove. The GEANT4 calculation of the efficiency of coated plates with grooves of various heights suggested that both coating scenarios give similar results for grooves not deeper than ∼2.5 mm. As the GEANT4 model does not include the generation of the low energy electrons in the counting gas and their drift in the electric field applied at the anode wires, the influence of the macrostructured surface on the charge collection efficiency could not be studied theoretically. However, the experimental data presented in Fig. 19 of Ref. [1] was found to agree very well with the calculation without the electric field phenomena, which could be regarded as an indication 3 that the charge collection efficiency is little affected by the presence of the small grooves created on the surface of the cathodes.
In this paper we present and discuss the results of the investigations on the detection efficiency of single and multiple Boron layers coated on the surface of thin, flat plates made of Aluminum, as well as surfaces exhibiting 2.1 mm deep grooves in double-sided format.
The exact geometry of the groove is illustrated in the inset of Fig. 1 . The opening angle of
45
• selected for the groove was the best compromise between easy and fast manufacturing and efficiency performance. Thin films of 10 B 4 C with various thicknesses were deposited onto the Aluminum substrates by employing the technique of DC magnetron sputtering, developed in the Thin Film Physics Division of the Linköping University in Sweden [5] .
The experimental efficiencies were measured with a neutron beam of 4.7Å delivered by the TREFF instrument in operation at FRM-II [6] . The measured data are compared to the results of the simulations performed with the GEANT4 model for setups which resembled closely the experimental arrangements. 
II. GEANT4 SIMULATIONS FOR THE DETECTION EFFICIENCIES
The modeling of the detection efficiencies for the two types of cathodes was carried out in GEANT4 version 4.9.6 [3] . A detailed description of the modeling framework is given in
Ref. [1] and it will not be repeated here. The theoretical setup incorporated the detector housing made of Aluminum, the counting gas (Ar/CO 2 , 70/30), and the 10 B 4 C coatings 4 placed in close contact with the Aluminum-substrates. The calculations shown here were performed by assuming that the Boron converter is preferentially deposited on the upper part of the sidewall of the groove, with the thickness of the coating decreasing with decreasing the distance from the bottom (cf. Fig. 3a in Ref. [1] ). The energy deposited in gas was recorded in a histogram for each of the two reaction products emitted in the direction of the gas with a kinetic energy that was high enough to make the escape from the converter possible. The theoretical efficiencies were determined from the integral of the energy histograms divided by the number of incident neutrons.
III. EXPERIMENTAL SET-UP
The Boron layers were deposited on substrates made of Al-Mg-3 alloy (Aluminum-5754).
Several plates with a flat surface and a size of 10x12x0. The test detector used to assess the efficiency of the Boron layers was described in Ref. 
IV. SINGLE-LAYERS EFFICIENCIES
The Aluminum-plates supporting the Boron converter to be investigated for efficiency were mounted one by one in the counter closest to the entrance window for the neutron beam. The wire plane was positioned at 6.5 mm distance from the coated plate. The MPWC was completed with a bare Aluminum-plate, identical in size and shape with that used as a substrate material for the Boron layer. During the measurements the detector was continuously flushed with the Ar/CO 2 (70/30) gas mixture.
The readout of the signal was performed with an MRS2000 preamplifier from MESYTEC
[8], which also incorporates a square shaper with a shaping time of 3.5 µs. The signal from the preamplifier was fed directly into a 2K multichannel analyzer, which had a dynamic range of 5 V. Positive high voltage was applied on the wires, and the gas gain was adjusted such that the endpoint of the pulse-height spectra, corresponding to the α-particle energy of 1.87 MeV, falls around channel 1900. The experimental results presented in Fig. 3 fall on the respective theoretical lines, confirming the theoretical prediction that the grooving of the substrate material leads to an increase in efficiency by almost 40% with respect to a layer deposited on a flat substrate.
The main contribution to the overall efficiency is given by the grooves, which occupy over 80% of the active surface of the cathode. As the thickness of the film coated on the sidewalls of the grooves is always lower than that deposited on the flat tops, the optimum thickness of the converter is larger for the macrostructured surface than for a flat surface of the same area. Thus, for a single Boron layer deposited on a plate with the surface covered by 2.1 mm deep grooves of 45
• the optimum thickness is ∼3.5 µm, as opposed to 2.5 µm determined for a flat layer, see Fig. 3 . Both the experimental and calculated efficiencies were extracted from the measured and simulated pulse-height spectra with the threshold for valid neutron events set at 120 keV. The choice of this energy value to discriminate between the neutron signal and γ-background was made based on the results of the experimental and theoretical investigations on the response of our small test detector to the γ-field emitted by a moderated 252 Cf-source, see Ref. [1] . Figure 4 shows the calculated and measured loss in efficiency caused by increasing the γ-rejection threshold from 120 keV to ∼400 keV. The summed number of neutron events corresponding to each threshold value considered in the analysis was normalized to that obtained with the threshold set at 120 keV. The experimental data indicates that by rising the n-γ discriminator threshold from 120 keV to 200 keV, causes an additional loss of ∼16% in the detection efficiency for the macrostructured cathodes and ∼8% for the cathodes with a flat surface. The plot also shows that the efficiency loss due to n-γ threshold depends on the thickness of the Boron coating. For thin coatings the energy lost by the reaction products in the converter itself decreases and the charged ions reach the gas phase with higher kinetic energies. The events in the energy deposition spectrum are in this case more uniformly distributed over the whole dynamic range, which leads to a smaller overall loss in detection efficiency with increasing threshold. For all three investigated cases, the calculation agrees well with the values observed experimentally.
V. MULTILAYERS EFFICIENCIES
As the dimensions of the original detector allowed to accommodate only up to four grooved plates and two wire planes integrated between them, an extension ring was fabricated and added to it in order to increase its height. This made efficiency measurements for stacks of up to five MPWCs possible, see The pulse-height spectra recorded by each individual counter of the stack is illustrated in Fig. 6 . The left panel of the figure shows the spectra collected with the counters incorporating 0.95 µm thin Boron layers coated on 0.5 mm flat Aluminum-substrates. The top spectrum corresponds to the counter which is first hit by the incoming neutron beam and therefore, has the highest statistics. As the neutron beam passes through the detector and interacts with the Boron layers, the flux is attenuated exponentially, leading to a decrease in the observed countrate. Apart from the decrease in the statistics with increasing the counter number, all pulse-height spectra look very similar, featuring the broad distributions corresponding to the 1.47-MeV α-particle and 0.84-MeV 7 Li ion from the most intense 10 B(n,α) 7 Li reaction channel [1] . At energies below 100 keV, an exponential increase in statistics is observed. This signal arises from the reaction products losing most of their kinetic energy in the converter and γ-background.
The spectra displayed in the right panel of Fig. 6 were collected with stacks of counters incorporating the macrostructured cathodes coated with 1.1 µm of 10 B 4 C. An additional feature around 300 keV is present in all spectra. As already discussed in Ref. [1] , the events in this low-energy bump are generated in the reaction of the incident neutron with the coating deposited on the sidewalls of the groove, which have only a limited flight-path through the counting gas and therefore, give rise to a low-energy signal. efficiency values for stacks of two or more counters were determined from the summed signal detected in the respective counters.
As it can be seen in both panels of Fig. 7 , regardless of the surface topology, the distance between the efficiency curves calculated for the stacks with different numbers of layers becomes smaller with increasing the number of layers in the stack, indicating a non-linear accumulation of the total efficiency due to the attenuation of the neutron beam in the previous layers. Reaching detection efficiencies higher than 50% for 4.7Å neutrons requires 14 flat Boron layers coated on both sides with ∼1 µm and arranged in a 7-counter geometry.
Obviously, this number becomes greater with decreasing the wavelength of the scattered neutrons to be detected. The calculations also indicate that for both types of surfaces, the optimal thickness of the coating becomes smaller with increasing the number of layers in the stack, as expected [9, 10] .
The increase in efficiency of a single Boron layer achieved by macrostructuring with grooves the surface of the substrate material upon which the neutron converter is deposited leads to an increase of the total efficiency of the detector incorporating stacks of macrostructured layers, when compared to a stack comprising the same number of layers, but with a flat surface. According to the experimental results shown in the bottom panel of Fig. 7 , only 10 coated macrostructured layers mounted in 5 counters are needed to reach ∼50% detection efficiency for neutrons of 4.7Å. As mentioned above, the detector using the traditional flat surfaces for the cathodes requires a 7-counter setup in order to reach the same efficiency. This is an increase by ∼40% of the number of counters when compared to the stack of grooved layers. As any layer in the detector stack requires detection of the ionization resulting from the reaction products that escape the Boron coating, the total number of the Boron layers employed to achieve the desired detection efficiency is proportional to the number of readout structures (e.g., anode wire planes, pad-based modules, etc.). This leads to a large number of electronics channels, which greatly affects the complexity and price of the detector, especially for applications that require the coverage of square meters of active area. The macrostructuring of the surfaces upon which the Boron layer is being deposited in order to increase the detection efficiency per counter provides a way to reduce the production and operation costs of the detector, without altering the detection efficiency.
VI. CONCLUSIONS
In the present work we report on the results of the evaluation of the performance of a detector based on the MWPC technology incorporating coated grooved-cathodes, a novel design that we have introduced in a previous paper [1] . The cathode was made by extrusion and consists of V-shaped grooves with an opening angle of 45
• and a depth of ∼2 mm. A thin layer of 10 B was deposited onto the surface of the grooves by employing DC magnetron sputtering. The GEANT4 model predicts that the efficiency of such cathode is ∼40% higher than the efficiency of a flat cathode of the same active area, owing to the larger capture probability for the incoming neutron by the converter deposited onto the sidewalls of the grooves.
We tested experimentally the predictions of the GEANT4 model for the efficiency of a each other. Furthermore, we compared the measured and calculated efficiencies of stacks of up to 10 layers coated on grooved and flat surfaces, each group being arranged into 5 independent MWPCs enclosed in a common housing. The comparison shows that the efficiency of the stack of grooved cathodes is superior to that of a stack incorporating the 13 same number of flat cathodes. Our results indicate that the stack of layers with flat surfaces must incorporate ∼40% more layers in order to reach the efficiency of the detector comprising Boron layers deposited on grooved surfaces. Thus, the use of coated grooved-cathodes in a neutron detector based on the MWPC technology allows one to obtain the desired detection efficiency with a reduced number of Boron layers. This translates into a reduction of the number of stacked counters and consequently, number of electronics channels for the detector, while preserving the detection efficiency. Minimizing the production cost is a key factor for any alternative technology developed to replace the 3 He-tubes in instruments which require large-area position-sensitive neutron detectors.
The present R&D work is of highest relevance for the design and construction of a 3 He-free neutron detector with a performance to fully exploit the potential of the future European Spallation Source [11, 12] . The conclusions of the work reported here are also relevant to other applications beyond those of thermal neutron scattering. Note also that whilst the MWPC was used here as the detecting element, the effect of the macrostructured converter substrates should be generally applicable; and that the MWPC could thus be replaced by an alternative suitable detecting element.
